Pseudocontact shifts (PCS) generated by paramagnetic lanthanides provide a rich source of long-range structural restraints that can readily be measured by nuclear magnetic resonance (NMR) spectroscopy. Many different lanthanide-binding tags have been designed for site-specific tagging of proteins, but established routes for tagging DNA with a single metal ion rely on difficult chemical synthesis. Here we present a simple and practical strategy for site-specific tagging of inexpensive phosphorothioate (PT) oligonucleotides. Commercially available PT oligonucleotides are diastereomers with S and R stereo-configuration at the backbone PT site. The respective SP and RP diastereomers can readily be separated by HPLC. A new alkylating lanthanide-binding tag, C10, was synthesized that delivered quantitative tagging yields with both diastereomers. PCSs were observed following ligation with the complementary DNA strand to form double-stranded DNA duplexes. The PCSs were larger for the SP than the RP oligonucleotide and good correlation between backcalculated and experimental PCSs was observed. The C10 tag can also be attached to cysteine residues in proteins, where it generates a stable thioether bond. Ligated to the A28C mutant of ubiquitin, the tag produced excellent fits of magnetic susceptibility anisotropy (Dc) tensors, with larger tensors than for the tagged PT oligonucleotides, indicating residual tag mobility following ligation with a PT group.
Abstract
Pseudocontact shifts (PCS) generated by paramagnetic lanthanides provide a rich source of long-range structural restraints that can readily be measured by nuclear magnetic resonance (NMR) spectroscopy. Many different lanthanide-binding tags have been designed for site-specific tagging of proteins, but established routes for tagging DNA with a single metal ion rely on difficult chemical synthesis. Here we present a simple and practical strategy for site-specific tagging of inexpensive phosphorothioate (PT) oligonucleotides. Commercially available PT oligonucleotides are diastereomers with S and R stereo-configuration at the backbone PT site. The respective SP and RP diastereomers can readily be separated by HPLC. A new alkylating lanthanide-binding tag, C10, was synthesized that delivered quantitative tagging yields with both diastereomers. PCSs were observed following ligation with the complementary DNA strand to form double-stranded DNA duplexes. The PCSs were larger for the SP than the RP oligonucleotide and good correlation between backcalculated and experimental PCSs was observed. The C10 tag can also be attached to cysteine residues in proteins, where it generates a stable thioether bond. Ligated to the A28C mutant of ubiquitin, the tag produced excellent fits of magnetic susceptibility anisotropy (Dc) tensors, with larger tensors than for the tagged PT oligonucleotides, indicating residual tag mobility following ligation with a PT group.
INTRODUCTION
Pseudocontact shifts (PCS) generated by paramagnetic lanthanide ions provide valuable long-range structural restraints for determinations of the 3D structures of proteins and protein-ligand complexes. [1] [2] [3] [4] PCS measurements would be particularly attractive for studying the structure of DNA and RNA by NMR spectroscopy, as the proton density of oligonucleotides is less than in proteins, limiting the potential to derive structural restraints from nuclear Overhauser effects (NOE). To the best of our knowledge, however, generation of PCSs in oligonucleotides by a covalently attached paramagnetic metal tag has never been reported. This can be attributed to the stringent set of requirements any suitable tag must fulfil, including a sufficiently rigid tether between metal ion and oligonucleotide to prevent the averaging of positive and negative PCSs, and a well-defined metal position to allow the fitting of a single magnetic susceptibility anisotropy (Dc) tensor, which is required to derive meaningful structural restraints from the PCSs. Well-defined metal positions are also required to perform EPR measurements of nanometer distances between two site-specifically attached Gd 3+ ions, 5 which would be very attractive for structure analysis of large RNA molecules.
Many lanthanide tags have been developed for site-specific tagging of proteins. Most tags target the thiol group of cysteine residues, most often reacting with formation of a disulfide bond. 3, 4, 6 Alternatively, electrophilic tags have been designed that form a thioether linkage, which is chemically more stable and also produces a shorter linker between the sulfur atom and the lanthanide ion. In the present work we separated the RP and SP diastereomers of a 14-mer oligonucleotide with a single PT group by reverse-phase HPLC using a conventional C18 column. The individual diastereomers were tagged with a new alkylating lanthanide-binding tag (C10), combined with the complementary strand to form duplex DNA (Figure 1b) , and PCSs were observed in 2D NOESY spectra. In addition, the performance of the C10 tag was evaluated by NMR spectroscopy following attachment to the A28C mutant of human ubiquitin. To the best of our knowledge, this is the first time that pseudocontact shifts have been generated in a DNA or RNA oligomer by covalent attachment of a paramagnetic metal ion tag. Initial attempts to tag the PT oligonucleotides with compounds containing activated disulfide bonds (such as the C1 tag 22 ) failed. As a previous report showed successful alkylation of PT oligonucleotides with iodoacetamide-PROXYL, 18 we produced the C10 tag ( Figure 3 ), which is a cyclen-based tag featuring an alkylating group akin to that found in the recently reported CLaNP-9 tag of Liu et al. 9 Like earlier cyclen tags, [24] [25] [26] it contains chiral phenylethylacetamide groups to populate a single stereoisomer of the lanthanide complex. (Tables S1 and S2 (Tables S1 and S2 ). On average, the PCS values for the SP isomer were greater in magnitude than for the RP isomer. For both isomers, measurable PCSs were observed along the entire length of the DNA. Table 1 shows the parameters of the fitted Δχ tensors that were produced using the Tm 3+ and Tb 3+ data sets with a common metal position, Figure 6 shows the correlations between back-calculated and experimental PCSs, and Figure 7 shows the metal position obtained with these fits.
The quality factors obtained for the Dc tensor fits obtained for the RP isomer were poor, indicating that the tag failed to position the metal ion in a unique location and orientation relative to the DNA. Smaller than expected PCSs (Figure 6a ) and poor quality factors are a hallmark of flexible lanthanide tags. 28 In contrast, the SP isomer displayed larger PCSs and the Dc tensor fits produced better Q factors and better correlations between back-calculated and experimental PCSs (Figure 6b ). In the B-DNA model of Figure 7 , the SP diastereomer projects the sulfur towards the minor groove, whereas the RP diastereomer directs the sulfur towards the major grove. The metal positions indicated by the Dc-tensor fits are in agreement with this relative orientation, although the position of the metal ion is highly uncertain in the case of the RP diastereomer. 27 Uncertainty ranges (in brackets) were derived from Monte-Carlo simulations, repeating the fits 100 times while randomly omitting 10% of the PCSs. In the case of the RP diastereomer, the quality of the fit was insufficient to produce meaningful uncertainty ranges. The quality factors Q were calculated as the RMSD of back-calculated minus experimental PCSs divided by the root-mean-square of the experimental PCSs. Figure S6 ). The Dc tensor fits yielded Dcax values much larger than for either DNA diastereomer ( Table S3 ), indicating that the C10 tag is less well immobilized on the DNA. In the case of the ubiquitin A28C mutant, the tag delivered excellent correlations between back-calculated and experimental PCSs ( Figure S7 ) and the Dc tensor fit positioned the metal ion 9.6 Å from the C α atom of residue 28, in good agreement with the chemical structure of the tag ( Figure S8 ). The C10 tag produced larger Δχ tensors than those of the C1 tag bound to the same ubiquitin mutant, 24 which may be attributed to the smaller number of rotatable bonds in the linker between the protein backbone and the metal ion. Remarkably, the C10-Yb 3+ tag allowed observation of PCSs even for the amide group of the residue it was attached to, and these PCSs were in excellent agreement with back-calculated values. These properties make the tag a promising tool for interrogating structural details in the immediate proximity of the tag.
DISCUSSION
While dozens of lanthanide tags have been developed to measure PCSs in proteins, these tags are generally not suitable for DNA as they target free thiol groups or rely on the incorporation of unnatural amino acids. As carbon-bound thiol groups do not occur in natural nucleotides, it is attractive to use sulfur chemistry for sitespecific ligation reactions. Unfortunately, however, chemical synthesis of unnatural nucleotides containing thiol groups or groups for other bio-orthogonal reactions is expensive. In an alternative strategy, Gochin showed that PCSs can also be generated in DNA by a Co 2+ ion that binds to chromomycin-A3 molecules, which in turn bind to GC steps in DNA with 2:1 stoichiometry, 29 but this approach is limited by the requirement of specific nucleotide sequences.
For oligonucleotides, a PT group arguably represents the most readily 13 available chemical modification. Although PT groups in DNA have been proposed to assume thioate character at neutral pH, 16 we found derivatization with a tag to be less straightforward than for cysteine residues in proteins. Most notably, in our hands the PT group was not amenable to disulfide exchange reactions with tags containing activated disulfide bonds such as in the C1 tag. The alkylating C10 tag, however, allowed site-specific tagging of the DNA on the PT group with quantitative yields. It is interesting to note that metal ions with higher valency have been reported to catalyze alkylation of phosphorothioate DNA. 30 It is not clear whether the limited accessibility of the lanthanide ion in the C10 tag would still allow this catalytic effect to occur.
In principle, phosphorothioates can be alkylated either on sulfur or oxygen atoms. Careful studies have shown, however, that alkylation of phosphorothioate diesters preferentially produces S-alkylated rather than O-alkylated products, 31 in agreement with a greater charge on the sulfur 16 effective Dc tensor thus offers a basis for meaningful structural restraints.
In conclusion, alkylation of a phosphorothioate group with a lanthanide tag provides a viable and generally applicable route to generate PCSs in DNA, even 14 though the phosphodiester backbone of DNA is more solvent exposed than the sulfur atom of a cysteine residue in a typical a-helix of a protein. We anticipate that this approach will be useful for studies of protein-DNA interactions as well as for studies of RNA structure, following incorporation of deoxyribophosphorothioate linkages into the RNA to avoid phosphodiester bond cleavage. 32 Finally, the stability of thioether bonds also makes the C10 tag attractive for protein structure analysis, where it is particularly promising for investigating structural details in the immediate proximity of the tag. Figure S1 ). For HRMS, see Figure   S2 . Additional lanthanide complexes were formed in an analogous way.
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